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If supersymmetry (SUSY) solves the hierarchy problem, then naturalness considerations coupled 
with recent LHC bounds require non-trivial superpartner flavor structures. Such "Natural SUSY" 
models exhibit a large mass hierarchy between scalars of the third and first two generations as 
well as degeneracy (or alignment) among the first two generations. In this work, we show how 
this specific beyond the standard model (SM) flavor structure can be tied directly to SM flavor 
via "Flavor Mediation". The SM contains an anomaly-free SU(3) flavor symmetry, broken only by 
Yukawa couplings. By gauging this flavor symmetry in addition to SM gauge symmetries, we can 
mediate SUSY breaking via (Higgsed) gauge mediation. This automatically delivers a natural SUSY 

t-H spectrum. Third-generation scalar masses are suppressed due to the dominant breaking of the flavor 

gauge symmetry in the top direction. More subtly, the first-two-generation scalars remain highly 

degenerate due to a custodial U(2) symmetry, where the SU(2) factor arises because SU(3) is rank 

5_( two. This custodial symmetry is broken only at order (m c /ra t ) 2 . SUSY gauge coupling unification 

predictions are preserved, since no new charged matter is introduced, the SM gauge structure is 

■^T unaltered, and the flavor symmetry treats all matter multiplets equally. Moreover, the uniqueness 

of the anomaly-free SU(3) flavor group makes possible a number of concrete predictions for the 
superpartner spectrum. 
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I I. INTRODUCTION 

Oh 

Recent LHC searches for weak-scale supersymmetry (SUSY) have emphasized the importance of flavor structures for 

physics beyond the standard model (SM). Direct searches place stringent bounds on first-generation squarks, pushing 

their masses above around 1 TeV Q3H]. If all squark flavors were degenerate, however, this would imply some degree 

of fine-tuning in the Higgs potential, since third-generation squarks must be closer to 500 GeV to satisfy naturalness 

J^\ considerations (see, e.g., [3J and references therein). This tension has renewed interest in models of "Natural SUSY" 

psi [4Tf3"8] which achieve the desired splitting between the squark generations to satisfy LHC bounds while still addressing 

V,Q the (little) hierarchy problem. 

t-H An important requirement for natural SUSY models is flavor degeneracy or alignment among the squarks of the 

~^ first two generations. In particular, natural SUSY models often invoke an approximate U(2) symmetry between the 

first two generations in order to avoid otherwise large flavor-changing processes. In such models, flavor beyond the 

SM has a very different structure from flavor within the SM, and one therefore seeks an explanation for how such 

t-H flavor structures might arise in a realistic theory. 

The goal of this paper is to show how SUSY flavor can be tied directly to SM flavor via "Flavor Mediation". 1 
We gauge an anomaly-free SU(3).p subgroup of the SM flavor symmetries that is then spontaneously broken to yield 
SM Yukawa couplings. By charging SUSY-breaking messengers under SU(3)f, we generate SM sfermion masses via 
"Higgsed gauge mediation" [35JI22]. Intriguingly, if the flavor-breaking scale and the messenger scale are close, then 
the third-generation squarks are significantly lighter than the first- and second-generation squarks. Moreover, the 
first- and second-generation squarks are automatically highly degenerate, satisfying flavor bounds without having to 
impose a U(2) symmetry by hand. 

The key to achieving a realistic SUSY flavor structure is in the fact that SU(3)i? is rank two [55] ■ When the gauged 
flavor group is spontaneously broken by the large top Yukawa coupling, there is a residual approximate custodial U(2) 
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1 This mechanism is somewhat in the spirit of Ref. (131 114] , where SUSY breaking was communicated via a Froggatt-Nielsen U(l). It 

should not be confused with flavored gauge medation 1391 . where messengers have tree-level couplings to the visible sector. For recent 

constructions involving gauged flavor symmetries see Ref. |4UI I41| . 
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FIG. 1: A depiction of flavor mediation where SUSY breaking is communicated to the SSM by both SM and flavor gauge 
groups. SUSY breaking in a hidden sector is communicated by messenger superfields at one loop to the Gsm x SU(3)f = 
SU(3)c x SU(2)l x U(l)y x SU(3)f gauge superfields, and at two loops to the SSM chiral superfields charged under these 
symmetries. This generates standard gauge-mediated soft masses for the SM gauginos and approximately diagonal soft masses 
for all SSM scalars. Sfermions of the first two generations obtain large, degenerate soft masses from flavor mediation with 
small, generation-independent splittings due to gauge mediation from the SM gauge groups. Third-generation sfermions obtain 
comparable soft mass contributions from all gauge groups. 

symmetry, of which the SU(2) subgroup is gauged, which shields first-two-generation scalars from the hierarchy in 
first-two-generation Yukawas. In this way, flavor mediation can deliver all the desired features of natural SUSY. 

A complete model of flavor mediation is shown in Fig. [l] where both the flavor gauge group and SM gauge groups 
participate in (Higgsed) gauge mediation to the supersymmetric standard model (SSM). Since the SM Higgs multiplets 
do not carry flavor quantum numbers, they are naturally lighter than the flavored sfermions, as needed to minimize 
fine-tuning. Since SM gauginos only get their masses from SM gauge mediation, they are also typically light. After 
accounting for renormalization group (RG) effects, the gluinos end up being a bit heavier than the third-generation 
squarks, perfect for a natural SUSY spectrum. 

The uniqueness of the anomaly-free SU(3)f leads to a number of interesting predictions. First, because the flavor 
gauge group is broken by SM Yukawa matrices, the hierarchy between the third-generation squarks and the first- and 
second-generation squarks cannot be made arbitrarily large. Thus, a discovery of light stops and sbottoms would yield 
an upper bound for the masses of the remaining squarks. Second, in order for SU(3)f to be anomaly-free, both leptons 
and quarks must be charged under the flavor symmetry, so one expects light staus and third-generation sneutrinos to 
be accessible at LHC energies. Third, while generic natural SUSY models do not require a right-handed sbottom in 
the spectrum, flavor mediation treats right-handed stops and sbottoms democratically, with the only splitting arising 
from SM gauge mediation and RG effects. Finally, flavor mediation preserves many of the desired features of SUSY 
grand unified theories (GUTs). Since the anomaly-free SU(3)f does not require any new SM-charged chiral matter 
and treats all matter multiplets equally, SUSY gauge coupling unification is preserved. Assuming gauge mediation is 
the dominant source for gaugino masses, then SM gaugino masses also unify. 

The outline for the remainder of this paper is as follows. In Sec. Inl we introduce the anomaly-free SU(3)p flavor 



gauge group and describe how it is broken. In Sec. Ill we describe the physics of flavor mediation, and how the 
massive flavor gauge bosons contribute to the sfermion spectra via Higgsed gauge mediation. We outline a complete 
model in Sec. [TV] detailing the generation of gaugino masses in Sec. |IVA| the Higgs sector in Sec. |IVB| and typical 
sparticle spectra in Sec. |IV C| We verify in Sec. [V] that flavor bounds are satisfied in this model. We sketch the key 



predictions of our model in Sec. VI and conclude in Sec. VII 



II. THE GAUGED FLAVOR SYMMETRY 
A. Motivating SU(3)f 

A wide range of flavor symmetries have been proposed to explain some or all features of the quark and lepton mass 
matrices and mixings. As our goal is to link SM flavor structures with a natural SUSY soft mass spectrum, we must 
employ some additional guiding (or at least simplifying) principles to select a preferred gauged flavor symmetry. 

First, the flavor symmetry should act equally on all three generations. There are SUSY models employing additional 
gauged U(l), SU(2), or U(2) flavor symmetries that can achieve a natural SUSY spectrum [51 IS] 151 [TU 1 ITT ] IT5 1 |T31 121)] . 
However, it is somewhat ad hoc to treat the first two generations separately from the third without some underlying 
reason. By treating all generations on an equal footing, one can more easily obtain the SM mass and mixing structure. 

Second, the flavor symmetry should act equally on lepton and quark multiplets in order to allow for a GUT 
structure in the ultraviolet (UV). This is further motivation to treat all three generations equally, since U(l), SU(2), 
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TABLE I: The SU(3)f charges of the minimal chiral matter representations required for anomaly-free flavor mediation. The 
fields N c , S u , Sd are all neutral under Gsm; their role will be discussed in Sec. |HB| Additional pairs of massive vector-like 
representations may be included to generate Yukawa interactions, mediate supersymmetry breaking, and generate lepton flavor 
structures. 

or U(2) flavor symmetries make it difficult to explain the near maximal neutrino mixing between the second and third 
generations. Of course, one can always imagine split GUT multiplets where quarks and leptons do not live in the 
same GUT multiplet, but we choose not to consider that possibility. 

Third and finally, we wish to avoid adding additional chiral matter with SM gauge charges in the infrared (IR), in 
order to maintain SUSY gauge coupling unification in the UV. Many candidate flavor symmetries, particularly ones 
involving U(l)s, are anomalous, requiring the addition of further matter with SM charges to cancel the anomalies. We 
can avoid extra charged multiplets if the flavor symmetry has no SM gauge anomalies. In essence, this corresponds 
to taking the MSSM in the limit of zero Yukawas and gauging any anomaly-free symmetry compatible with GUT 
structures. 2 

Fortunately, there is a well-known flavor symmetry satisfying all of these requirements: an SU(3)i? flavor symmetry 
under which all SSM matter supermultiplets are fundamentals. The charge assignments of SSM supermultiplets under 
SU(3)f are shown in Table I] In fact, this is the maximal group involving SU(3) factors that is anomaly-free and treats 
all matter multiplets equally. 3 A number of successful flavor models employing this symmetry have been constructed 
[43Tf54] . including models that allow for GUT multiplets in the UV. 

B. Yukawa Couplings 

In order to generate SM Yukawa couplings, the flavor group must be spontaneously broken. Clearly, the Yukawas 
must transform as a 3 <S> 3 under the SU(3)f symmetry. They could arise as the sum of pairs of fundamental 
representations, in which case the SM Yukawa coupling will be generated through a dimension-six operator and will 
depend on the square of vacuum expectation values (vevs). Alternatively, the Yukawas could arise from a dimension- 
five operator through a symmetric or antisymmetric two-index representation. 

As we will see, the effects of flavor mediation are enhanced by having a large hierarchy between the flavor boson 
masses, which is desirable to achieve a natural SUSY spectrum. With pairs of fundamentals, the flavor boson masses 
will be parametrically proportional to the square root of the SM Yukawas. With a two-index representation, the flavor 
boson masses will be linear in the SM Yukawas. Therefore, in order to generate the largest possible mass hierarchy, we 
will employ two-index representations. This also comes with the advantage of requiring fewer messenger supcrficlds 
in order to generate the Yukawas. A single antisymmetric representation does not have sufficient rank to generate the 
SM Yukawas, so from now on we will consider symmetric representations. 

First considering just quark superfields, we add two symmetric 6 representations of SU(3)i? to the SSM, which we 
denote as S Uy d- The cubic SU(3)f anomalies vanish if we also add right-handed neutrino superfields N c transforming 
as a 3. The SM quark Yukawas can be generated through the higher-dimensional superpotential operators 

W = -^S U H U QU C + -^-S d H d QD c , (1) 

where flavor indices have been suppressed. These operators can arise by integrating out heavy vector-like Higgs pairs 
also in the 6, 6 of SU(3)i? with mass M<y; unification is preserved in the usual way if these Higgses live in complete 
multiplets of SU(5)gut- In particular, all SM quark Yukawas may be generated by integrating out fields transforming 



2 If we add right-handed neutrinos, we could also gauge V(1)b-l consistent with this philosophy. 

3 Extending this group to U(3) is not possible as the additional U(l) factor is anomalous. As will be discussed later, the fact that we are 
forced to employ an SU(3), rather than U(3), symmetry is very appealing for the generation of a natural SUSY spectrum through flavor 
mediation. A remaining U(l) factor would generate additional, undesirable, splittings between first- and second-generation squarks. 

4 This renders SU(3)i? IR-free. If the Landau pole in the gauge coupling lies below the scale of UV physics such as the GUT or Planck 
scale, a dual description would be required in order to UV-complete the model. However, the scale of SU(3)f breaking may readily lie 
at or above the GUT scale, thereby avoiding any Landau poles beneath the gauge cutoff. 



as (5, 6) © (5, 6) © (5, 6) © (5, 6) under SU(5)gut X SU(3) F - This suggests the scale M s should be high enough to 
avoid inducing Landau poles in the SM gauge couplings below the unification scale, and an 0(1) top Yukawa then 
implies that the flavor symmetry breaking scale should also be high. 

One can also introduce additional anomaly-free representations of SU(3)i? in order to generate charged lepton 
Yukawas and neutrino masses. However, without committing to a particular model of neutrino mass generation, the 
less constrained leptonic flavor structure means that it is difficult to extract general features of the role lepton masses 
and mixings play in the breaking of SU(3) F , and subsequently the flavor-mediated soft masses. Henceforth, we will 
assume that the dominant breaking of the flavor symmetry lies in the generation of the quark Yukawas. We will see 



in Sec. IIIB that this is in fact a good approximation, and so for now it suffices to only consider the quark sector. 



C. Flavor Breaking 

To have a realistic model, the vevs of S Ut d must generate the SM quark flavor structures. As the goal of this 
work is to connect the SM fermion flavor structure to sfermion flavor structure, and numerous patterns of SU(3)jr 
breaking already exist in the literature (see e.g. |51j). we simply treat S u ,d as flavor spurions which obtain vevs in a 
supersymmetric manor along a D-Hat direction. 5 After performing an SU(3)f rotation, we can assume vevs of 

Vux \ ( v dl 

{S u )=\ v u2 , (S d )=V C Ku\ v d2 | v£ KM . !2i 

v u3 ) \ v d3 

Here, the CKM mixing matrix Vckm arises due to the initial misalignment of the two vevs, and we assume the 
hierarchy v u3 > v u2 > v u i and v d3 > v d2 > v d i. 

In this vacuum, the gauge symmetry is fully broken and SSM quark Yukawa couplings are generated. There is 
some freedom in choosing the relative scales of the up and down flavor symmetry breaking vevs. In particular, M$ u 
need not equal M$ d , and there is freedom in the Yukawas through the ratio of the up- and down-type Higgs vevs 
tan/3 = (H u ) / (H d ) . We can parameterize both freedoms with one parameter a, since 

a=^tan£. (3) 

Varying a then leads to different flavor boson spectra. 

For small a the breaking of SU(3)f — > SU(2) F — >■ is determined dominantly by the hierarchies in the up-quark 
mass matrix, whereas for large a the down-quark mass matrix dominates the breaking pattern. In Fig. 15] we plot 
how the relative spectrum of flavor boson masses varies as a function of a. To achieve the largest hierarchy in the 
sfermion masses, a < 100 is preferred for the generation of a natural SUSY soft spectrum. For this reason, and to 
limit the free parameters, we choose to set a = 1 for the remainder of this paper, simply noting that other values are 
also valid. 

To understand the flavor boson hierarchies, consider only the flavor breaking from S u . To second order in v u2 , the 
spectrum of flavor bosons is 

M v =9f\ ^l 3 , (v u3 + v u2 ) 2 ,vl 3 ,vl 3 , (v u3 ~ v u2 ) 2 ,2vl 2 ,vl 2 ,vl 2 [ , (4) 

where gF is the flavor gauge coupling. The hierarchy v u3 ^> v u2 leads to a flavor gauge boson hiearchy with five 
heavy gauge bosons (corresponding roughly to the generators of SU(3)f/SU(2)f) and three light gauge bosons (the 
remaining SU(2) F generators). 

For simplicity, we will use the notation v u3 = vp, since the dominant breaking is by the top Yukawa coupling. 
Including the down- type Yukawas and fixing a = 1, the other parameters are now fixed by the measured fermion 
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5 The hierarchical structure of vevs could arise from higher-dimensional operators, gauge dynamics, radiative effects, or some other 
mechanism. In general, one expects that in an explicit model, there will be additional matter charged under SU(3)i? beyond Table [i] 
The following analysis assumes that vevs of the additional fields are either proportional to (S u ,d) or give a subdominant contribution to 
SU(3)j? breaking. However, the qualitative conclusions are typically not changed by the presence of additional vevs, provided the primary 
breaking SU(3)i? — > SV(2)p is still aligned with the top Yukawa and the subsequent breaking SU(2)^ — > occurs at a parametrically 
lower scale. 
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FIG. 2: The spectrum of flavor bosons as a function of a — (Ms d /Ms u ) tan /3. The masses are plotted relative to the mass 
of the heaviest boson, denoted by Vi. The five masses at the top of the plot corresponding roughly to the SU(3)f/SU(2)f 
generators. The three masses at the bottom corresponding to the remaining SU(2)f symmetry broken at much smaller scales. 
The hierarchy is greatest in the limit of small a, where the breaking is dominated by the up-quark Yukawas. Furthermore, the 
two lightest bosons are more degenerate in the small a limit since m c /m,t < m s /mb. Thus, a < 100 is favored for a natural 
SUSY spectrum. 

masses. The relative spectrum of flavor bosons is then set, with the overall mass scale depending only on gF^F- I n 
descending order, the gauge boson masses are 



Mf [~ SU(3) F /SU(2) F ] = g%v F {2.67, 1.02, 1.00, 1.00, 0.99}, 



(5) 



M 2 [ 



SU(2)j 



g 2 F v F {1.13, 0.57, 0.57} x 10~ 4 . 



Again, one can clearly see the approximate symmetry breaking pattern SU(3)f — > SU(2)p followed by SU(2)f -* 
where the SU(2)^? is broken a further two orders of magnitude below. In the next section, we demonstrate why such 
a structure is highly appealing for the generation of a natural SUSY spectrum. 

III. SFERMION SPECTRUM 

In flavor mediation, the flavor gauge symmetry is used to mediate SUSY breaking to the SSM. Because the flavor 
gauge group is spontaneously broken, this leads to a model of Higgsed gauge mediation [36, 42 j , which depends both 
on the messenger scale and gauge breaking scale. Following the usual procedure for gauge-mediated scenarios, we add 
a pair of messenger superfields $/$ c in a vector-like representation of SU(3)^ and charged under a messenger-parity 
symmetry. We couple these fields to a SUSY breaking spurion X using the superpotcntial 



W = X** c 



(6) 



with the assumed vev (X) = M + 9 2 F. At two loops, any scalars charged under SU(3)i? will obtain soft masses, in 
particular the squarks and sleptons of the SSM. 

A. Mass Eigenstates 



The calculation of two-loop soft mass contributions in Higgsed gauge mediation was first performed in Ref. [42] . A 
more transparent derivation using analytic continuation into superspace was shown in Ref. |36j . This method gives 
results valid to lowest order in F/M, for any mediating gauge group with arbitrary breaking pattern, and yields 
compact expressions which we now review. 
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FIG. 3: The SU(3)f flavor-mediated sfermion soft mass spectrum relative to the unbroken case as a function of 8 — g F v F /M 2 . 
The mass-squared is plotted linearly in the left panel, and logarithmically in the right. There is an overall suppression 
which occurs whenever the flavor-breaking scale becomes comparable to the messenger scale. The suppression of the third- 
generation sfermion soft masses relative to the first two generations is also clear, arising from the fact that the dominant flavor 
symmetry breaking lies in the top-quark direction. The first two generations are highly degenerate, as expected from the 
SU(3)f -> SU(2) F -> breaking structure. 

Once the gauge symmetry is broken, we can simultaneously diagonalize the (SUSY) gauge boson mass matrix and 
corresponding group generators, such that an eigenstate with mass M v is associated with the generator T a . After 
performing this diagonalization, the resulting expression for sfermion soft masses at two loops is 
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(7) 



where {ij} indicates that these indices have been symmetrized, a^ = gp/4ir is the fine structure constant for the 
flavor gauge group, and C(3>) is the Dynkin index of the messenger superfield representation. The suppression factor 
f(S a ) tracks the difference between Higgsed gauge mediation and ordinary gauge mediation, and is given explicitly by 



f(S) = 2 



(5(4 - <5)((4 - 5) + (S + 2) log(<5)) + 2(6 - IMS) 
8(4 - <5) 3 



(8) 



with 



n(<7) = y/S(6 - 4) (2C(2) + log 2 (a) + 4Li 2 [-a]) 




(9) 



When 6 = 0, /(0) = 1 gives the results from ordinary gauge mediation. For large 6, f(5) ~ 2(log<5 — 1)/S. 

Applying these results to the flavor group and breaking pattern described in Sec. Illj the soft mass-squared for the 
i-th flavor of squark or slepton in a representation of SU(3)f is 



(m 2 q ) ii = ll (6)C(*)C 2 (q) 



(27T) 



F 

M 



2 9 

9f v f 
M 2 : 



(10) 



where 6*2(9) is the quadratic Casimir of the quark superfield q, and "fi(6) is a generation-dependent suppression factor 
arising due to the breaking of the mediating gauge group, with the limiting behavior 



lim 7,;((5) = 1. 



(11) 



In Fig. |3j we plot the suppression of the sfermion soft masses compared to the case where the gauge group is 
unbroken, for a range of values of <5. In the limit where the gauge group is largely unbroken, the suppression of all 
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FIG. 4: Intergenerational sfermion mass splittings from flavor mediation as a function of 5 = g F Vp/M 2 . In the left panel, the 
mass of the first-two-generation sfermions is shown relative to the third-generation. This splitting becomes important whenever 
the messenger mass scale approaches the scale at which SU(3)f is broken to an approximate SU(2)f- The splitting endures 
even when the scale of SU(2)_f breaking is greater than the messenger mass scale, however it never exceeds a ratio of ~ 100. 
In the right panel, we show the relative mass-squared splitting of the first-two-generation squarks, 612 — (fnh — r?ii)/rri 2 , where 
mf)/2. This splitting remains below 2 x 10 -5 regardless of the relative scales of flavor breaking and messenger 



m = (m 2 
masses. 



three soft masses is negligible. Whenever the scale at which the gauge group is broken becomes comparable to or 
greater than the messenger mass scale, the suppression becomes quite significant. 

In Fig.|4j we plot the various splittings between sfermion generations. When the gauge group is largely unbroken, 
the third generation is almost degenerate with the first two. As the breaking of SU(3)^ — > SU(2)^ becomes significant, 
a large splitting between the third- and first-two-generation sfermion masses emerges. This splitting remains even 
when the breaking of the remaining SU(2)^ becomes comparable to the messenger scale, although it never exceeds 
a ratio of greater than ~ 100. The splitting between the first-two-generation sfermions is also shown, which first 
appears at order (m c /mt) 2 ■ Flavor-changing neutral current processes are very sensitive to this splitting, and hence 
it is important for a successful model that this splitting is small. Regardless of the relative hierarchy between the 
flavor-breaking scale and the messenger scale, the squared-mass splitting never exceeds a fractional value of 2 x 10 -5 . 

The soft mass spectrum generated via SU(3)^ flavor mediation is extremely attractive from the perspective of natu- 
ral SUSY. Relative mass splittings of O(10) between the third and first two generations can be easily accommodated, 
while mass splittings between the first two generations remain very small. All three generations are treated on a equal 
footing, and the mass splittings arise solely due to the flavor-symmetry breaking implied by the quark masses. The 
fact that only an SU(3), rather than U(3), symmetry is anomaly free means that the symmetry breaking structure 
is SU(3)_f — » SU(2)i? — > 0, protecting the first two generations from mass splittings. Were it possible to gauge a 
U(3) symmetry, the remaining U(l) in the symmetry breaking structure U(3)^ — > U(2) F — > \J(l)p — > would have 
generated additional splittings between the first two generations. 



B. Mixing Angles 



An interesting feature of flavor mediation is that phases and mixing angles from the SM CKM matrix are transmitted 
to the scalar soft mass matrix via the gauged flavor symmetry. In the model presented, phases and mixing angles in 
the symmetry breaking vevs generate mixings in the flavor boson mass matrix. These then show up in the scalar soft 
mass matrices through Eq. ([7]), since gauge boson mass eigenstates have off-diagonal elements in the generator basis. 

The full soft mass matrix is a non-trivial function of the vevs and angles in Eq. pi, and includes a dependence 
on the function f(S a ). To gain insight into the magnitude of these terms, we will perform a perturbative calculation 
valid when mixing angles are relatively small and the SU(2)f gauge bosons are much lighter than the SU(3)f/SU(2)^ 
gauge bosons, i.e. max[v„3, Vds] 3> maxji)^,^]- For the case at hand, it is a good approximation to work in the limit 
of vanishing v u \ , v^i 



To first order in the mixing angles and zeroth order in v u2 /y / v 2 3 + v^ 3 and Vd2 
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vj 3 , the 



magnitudes of the resulting soft mass matrix elements are 



where the approximate degeneracy of the first-two-generation scalar masses has been taken account of in the diagonal 
components. 
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m 2 ~| mi 1 + (ml - m 2 ) 2 d \ 2 \ |V 23 | |, (12) 



There are a number of interesting features of Eq. (12 1. While V12 is the largest mixing in the CKM matrix by a 
considerable amount, terms proprotional to V12 are absent from our expansion since they come suppressed by a factor 
°f v ds/( v u3 + v ds) w hi cn is always small. In the limit V43 <C v U 3, the off-diagonal components are suppressed and the 
soft masses become approximately diagonal. In the limit Vd3 3> w U 3 where the flavor-symmetry breaking is driven 
dominantly by the down sector, the off-diagonal components become large and correspond to a rotation determined 



by the CKM matrix. Comparing Eq. (12) to numerical calculations we find good agreement, with the dominant 
m 2 ^ component agreeing to within 1%. The subdominant m^ 3 component agrees to within 10%, where the increased 
discrepancy comes from higher orders in the larger mixing angles. The m\ 2 terms are never relevant. In this work, 
we are focussing on the case where the flavor symmetry breaking is dominated by the up-type vevs, hence Vdz <C w«3 
and the off-diagonal elements in the scalar soft mass matrix are small. As we will discuss further in Sec. |Vl much 
larger off-diagonal elements arise by rotating to the fermion mass eigenbasis, so that the off-diagonal terms in the 
gauge interaction basis are essentially irrelevant for experimental bounds. 

Revisiting lcpton flavor structures, the generation of lepton masses and mixings should arise through vevs of SU(3)^ 
charged fields, in analogy with the quarks. However, as long as these vevs are sufficiently subdominant to (S u ), then 
the squark and slepton soft masses will remain predominantly determined by the structure of up-type quark Yukawas. 
In particular, large mixing angles in the neutrino sector will feed through to off-diagonal elements in the squark and 
slepton soft mass-squared matrices with a suppression of order v^ 3 /v^ 3 . Thus for the case at hand, it suffices to 
consider the quark flavor structure alone when considering the scalar soft mass spectrum, and one is not forced to 
commit to a particular model of neutrino masses. Of course, one could imagine cases where v^ 3> f U 3 and the leptonic 
mass and mixing matrices would be relevant. 

IV. OUTLINE OF A COMPLETE MODEL 

A. Gaugino Masses 

Flavor mediation is an elegant way to generate hierarchical soft masses in the squark sector. Even if messenger 
fields are uncharged under SM gauge groups, flavor mediation also contributes to SM gaugino masses at the three- loop 
level, as we show in App.|X] While this naturally generates a hierarchy between gauginos and the first-two-generation 
squarks, the hierarchy is too big, as the gauginos are typically lighter than the third-generation squarks. Thus, 
to obtain phenomcnologically acceptable gluino masses, we must augment the flavor-mediated soft masses with an 
additional source of SUSY breaking. 

A number of different mediation mechanisms could raise the gaugino masses. Gaugino mediation [55, 56 is in some 
sense the most minimal option, since additional contributions to the stop masses are suppressed relative to gaugino 
masses, keeping stops within naturalness bounds. Anomaly mediation or gravity mediation could also be employed, 
though this would raise the additional question of the coincidence in scales between these soft mass contributions and 
those from flavor mediation. 

Our preferred option is depicted in Fig. [TJ where gauge mediation via SM gauge groups is the additional source of 
gaugino masses. From a UV perspective, this situation might even be expected. If one takes the point of view that 
all SM gauge groups — including gauged flavor groups — should be treated on an equal footing, then one would expect 
all gauge groups to transmit SUSY breaking to the SSM. In this way, the gauged flavor symmetry should really be 
considered as an additional SM gauge group, which happens to be broken well above the weak scale. We will explore 
the spectrum of flavor mediation plus SM gauge mediation in Sec. |IVC| 

B. The Higgs Sector 

Gauge mediation by itself does not resolve issues in the Higgs sector such as the fj, problem or generating a B^ 
term of the correct size. On the other hand, because the Higgs bosons are uncharged under SU(3)jr and SU(3)c, they 
do not feel the effects of flavor mediation or color gauge mediation. Thus, the Higgses are naturally lighter than the 



Benchmark 


M [GeV] v /C(*)a F (A/) 5 


mf a [GeV] mf [GeV] 


m s [GeV] 


m fl [GeV] 


m h [GeV] 


Low Scale 
High Scale 


10 s 0.54 129 2 
10 14 0.32 72 2 


6000 300 
4000 300 


859 
836 


367 
332 


575 
608 



TABLE II: Two benchmark models for flavor mediation plus SM gauge mediation. The gauge mediation parameter is set to 
F/M — 100 TeV in both cases, and the messengers consist of one vector-like pair of SU(3)f fundamentals and one vector-like 
pair of SU(5)gut fundamentals. The first five columns show the parameters at the messenger scale M, including the SU(3)f 
fine structure constant, flavor-breaking parameter 8 = gpv F /M 2 , and sfermion soft masses fhf from flavor mediation alone. 
The last three columns show the physical gluino and stop masses after RG evolution to the weak scale, with uncertainties of 
order 2%. The first two generation squarks and sleptons remain close to mf^- 

squarks, lessening fine tuning tensions in the Higgs sector. That said, recent hints of a 125 GeV Higgs exacerbate fine 
tuning tensions in the MSSM, especially in gauge mediation [57] . 

In our framework, the details of the Higgs sector are largely irrelevant for understanding flavor mediation, but we 
wish to give an existence proof that a 125 GeV Higgs is compatible with our flavor structure without fine tuning. 
This is most easily accomplished in the so-called S-MSSM [5S], which is a singlet extension of the MSSM that differs 
from the NMSSM by the presence of explicit mass terms for the higgsinos and singlinos 



w-w 



mH u H d + fi s S 2 + XSH u H d + fS + kS 3 



(13) 



Of course, this superpotential does not address the /x problem. It does however alleviate fine tuning because the 
coupling A generates a quartic coupling which is relevant at small tan/3, which is also favored by trying to minimize 
a in Eq. fcfy. Such an extension of the Higgs sector can accommodate a Higgs mass in the vicinity of 125 GeV, and 
may arise dynamically as in Ref . [59] . 

Because we are agnostic as to the structure of the Higgs sector, we will not be able to give any precise predictions 
for the masses of electroweak-ino or singlino states. Following the philosophy of natural SUSY, though, we do expect 
Hh to be in the neighborhood of 200 GeV to minimize cancellations between SUSY and SUSY-breaking Higgs mass 
contributions. 

C. Example Spectra 

The addition of SM gauge mediation to flavor mediation introduces a number of new features. One appealing 
byproduct is that sfermion mass matrices remain approximately diagonal and the first two generations remain highly 
degenerate, ameliorating flavor constraints. Gauge mediation does introduce new representation-dependent splittings, 
such that sleptons and squarks are no longer degenerate, nor are left- and right-handed sfermions. Though the third- 
generation sfcrmions do receive additional contributions from SM gauge mediation, they remain much lighter than the 
first two generations. Since three-loop flavor-mediated gaugino masses are small, the gaugino mass spectrum retains 
the highly predictive pattern of gauge mediation. 

A less obvious feature arises when we consider RG running. In the simplest examples of gauge-mediated spectra, 
the stops are typically as heavy as the gluino, and even when RG running drives a stop lighter than the gluino, 
often only one stop runs lighter and still remains close in mass to the gluino. This is undesirable for a natural SUSY 
spectrum, which typically requires the gluino to be heavier than both stops. When SM gauge mediation is combined 
with flavor mediation, though, the stops are not only lighter than the first-two-generation squarks at the messenger 
scale, but RG effects due to the heavy first two generations drive the stop masses down at two-loops. This is in fact 
the dominant effect that sets an upper bound on the mass of the first-two-generation squarks in natural SUSY models, 
since if they are too heavy, they drive the stops tachyonic J3K5U]. In our context, this RG effect typically drives both 
stops lighter than the gluinos, as desired for natural SUSY. 6 

Although a complete study of RG behavior in the full parameter space of flavor mediation plus SM gauge mediation 
is beyond the scope of this work, we will study two benchmark points with an acceptable natural SUSY spectrum 
of states. For simplicity, we assume that the same SUSY-breaking spurion (X) = At + 9 2 F appears in both flavor 
mediation and SM gauge mediation, and we fix the ratio F/M = 100 TeV. We assume that the messengers consist of 



One might worry that this RG effect constitutes a hidden fine tuning. However, the stop masses automatically start off smaller than 
the first two generations at the messenger scale, and the RG effect only reduces the stop mass from, say, O(700) GeV to O(400) GeV. 
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FIG. 5: Weak scale sparticle spectra for the low (left) and high (right) mediation scale parameters detailed in Tableffl] Because 
we are agnostic as to the Higgs sector, we only show the expected mass range for the charginos and neutralinos, guided 
by naturalness considerations and gauge-mediated expectations. As expected, the first-two-generation sfermions are largely 
decoupled, while the third-generation sfermions and gauginos are light. These spectra are chosen to lie in close proximity to 
recent collider bounds 1.22-25 , representing optimistic scenarios for LHC observability. 



one vector-like pair of SU(3)f fundamentals as in Sec. Ill and one vector-like pair of SU(5)gut fundamentals for SM 
gauge mediation. Of course one could imagine loosening these assumptions, but it is quite satisfying that the same 
SUSY-breaking spurion can be used for both kinds of gauge mediation. 

In Table [nj we show the UV parameters for a low-scale (M = 10 8 GeV) and a high-scale (M = 10 14 GeV) 
benchmark. These benchmarks have been chosen to be representative of the spectra possible within models of 
flavor mediation. Both benchmarks are minimal gauge-mediated scenarios with additional contributions from flavor 
mediation, modeled by adding universal soft masses rh\ 2 an d m^ to the first-two- and third-generation sfermions, 
respectively. Using SuSpect 2.41 [51], we RG evolve the UV parameters to achieve the IR spectra depicted in Fig. [5] 
These parameters have been cross-checked with SOFTSUSY 3.3.0 [53] and are found to agree within 0(2%) for most 
parameters. 

The Higgs and electroweak spectra are highly dependent on the specifics of the SUSY Higgs sector, which may 
involve extra singlets or gauge groups, so we do not specify Higgs sector parameters in order to avoid committing 
to any specific model. As the neutralinos and charginos are not charged under the flavor symmetry, we can still 
estimate their masses. As stated in Sec. |IVB[ one expects higgsinos should be around 100-300 GeV from naturalness 
considerations. The bino and wino obtain masses from gauge-mediated SUSY breaking that gives a characteristic 
1:2:6 mass ratio between the bino, wino, and gluino. For a 800-900 GeV gluino mass, as is the case for both 
benchmark models, we expect the bino and wino Majorana masses to also be 100-300 GeV, so it is safe to assume 
that most (if not all) the electroweak-inos have masses in this range. 

As shown in Fig. [51 the combination of flavor mediation and SM gauge mediation delivers a natural SUSY spectrum. 
The first- and second-generation sfermions do not evolve very much from the messenger scale and remain heavy. The 
third-generation sfermions are light because of the suppressed flavor mediation, and exhibit mass splittings from SM 
gauge mediation between squarks and sleptons as well as between left- and right-handed modes. For this choice of 
parameters, the gluino is around a factor of 2 heavier than the lightest stops, which is desirable for natural SUSY and 
is a result of the RG flow from the messenger scale. 
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V. FLAVOR CONSTRAINTS 

Flavor mediation leads to non-universal interactions and soft masses, requiring a careful consideration of constraints 
from precision flavor measurements. There are two separate sources of flavor-changing neutral currents (FCNCs) in 
these theories: a set of tree-level contributions coming from the massive SU(3)f gauge bosons, and the familiar set of 
one-loop box diagrams involving squarks and gluinos proportional to the off-diagonal terms in the soft mass matrices. 

We will focus only on quark flavor violation below. We will not give detailed consideration to leptonic FCNCs, in 
large part because the leptonic mixing angles are not strongly constrained and depend somewhat on the details of the 
neutrino sector; thus there are no irreducible limits. However, we note that the leptonic sector enjoys the same U(2) 
sflavor symmetry as the quark sector, which guarantees that contributions to the most strongly constrained leptonic 
FCNCs (such as /i — > &y) will be small even in the presence of large mixing angles in the lepton mass matrix. 

A. Tree-Level Flavor Boson Exchange 

Integrating out the massive SU(3)^ gauge bosons gives rise to a variety of dimension-6 operators of the form 



>' -Jr(Af^;/.w i( /A'',^/A)- (Hi 



2MF Um tjJ 



where M, N = L,R and / stands for any (gauge eigenstate) SM fermion. The SU(3)f generators T" are given in the 
gauge boson mass eigenstate basis, where the masses are given by Eq. Q, and the generators are labeled in order of 
decreasing gauge boson masses. There are no analogous operators involving, e.g., (h^D^h), since the Higgs multiplets 
are neutral under SU(3)^. 

These dimension-6 operators lead to various possible sources of concern. The first comes from flavor-conserving 
operators that mix fermions of different species, e.g., operators of the form q^^qij^. In general, these operators are 
poorly constrained, and limits require only that My a jgp > few TeV. These dimension-6 operators preserve baryon 
and lepton number, so there is no additional source of proton decay. Also note that there are none of the usual 
flavor-conserving operators that contribute to precision electroweak observables, such as \h^D^h\ 2 and (h^D^qj^q. 

The second (and most important) constraint on tree-level processes comes from flavor-violating operators that 
contribute to AF = 2 FCNC processes. Different SU(3)j? generators contribute to different FCNC processes. In the 
flavor gauge boson mass eigenstate basis, the most important generators are \T± 3 \, |Tf 3 |, \T^ 3 \, \T 23 \, |T7 2 |, \Tf 2 \, all 
of which have a value around 0.5. The gauge bosons that come from SU(3)f — > SU(2)^ mediate 1«3 and 2«3 
FCNC processes, while those coming from SU(2) — > mediate 1 <H- 2 processes. Hence, the lightest gauge bosons 
introduce contributions to the most constrained processes such as K° — K° mixing. 

The strongest constraint arises from the dimension-6 operator 

^{dls{){d{sl) (15) 

where Greek indices denote color contractions. The latest limits on this operator require A > 10 TeV assuming no 
complex phase [63 . In the presence of an 0(1) CP-violating phase, the bound strengthens to A > 1.4 x 10 5 TeV. In 
terms of the model parameters here, this implies v u2 > 10 4 TeV (1.4 x 10 5 TeV) without (with) 0(1) CP violation. 
Assuming these limits on v u2 are satisfied, the rate for all other 1 <-> 3 and 2 «-> 3 FCNC processes are well below 
their experimental limits. 

B. Gluino-Squark Box Diagrams 

Beyond the flavor gauge bosons, the principal constraints arise from off-diagonal sfcrmion soft masses in the basis 
where both the fermion masses and the gluino couplings are diagonal. These off-diagonal sfcrmion soft masses lead to 
one-loop contributions to FCNC processes dominated by box diagrams involving squark and gluino exchange. There 
are two such contributions to these off-diagonal soft mass terms. One contribution appears in the gauge interaction 
eigenbasis from i ^ j terms in Eq. n\ (whose parametric behavior is given by the second term in Eq. (12)). The 



second contribution arises upon going to the fermion mass eigenbasis by diagonalizing the Yukawa textures in Eq. (|2| 
The gauge interaction eigenbasis contributions are typically much smaller than those contributions coming from 
diagonalization of the fermion mass matrix, since the latter are suppressed by v^/v^. Thus, to leading order, we 
may focus on the off-diagonal terms arising solely from rotating to the fermion mass eigenbasis. 
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For the choice of SU(3)f vevs in Eq. pL the up- type fermion mass matrix is already diagonal in the gauge interaction 
eigenbasis. The down-type mass matrix may be diagonalized by the transformation Mj —> VcKMMdVc KM . SUSY 
relates this rotation on the fermions to a rotation on the corresponding sfermions. As such, the up-type scalar mass 
matrices fh\ , m 2 u are unchanged while the down-type scalar mass matrices transform as 

™4, -► ^CKM^di^CKM, m\ R -+ Vc KM m 2 dR Vc KM - (16) 

In the fermion mass eigenbasis, the diagonal entries in the sfermion mass matrix are of the form 

(»*&,*)« = \ V ki\ 2 ™l (17) 

The off-diagonal entries are of the form 

(rhd L h = V£Vaj (m| - ml) + V£V 3j {ml -ml) i^ j, (18) 

and (m 2 dR ) tJ = (m^ )?_,-. 

The leading contribution to K° — K° mixing arises from a gluino-squark box diagram with two insertions of the off- 
diagonal soft masses, with additional suppressions coming from the heaviness of first- and second-generation scalars. 
However, this contribution is far below current limits, since it is proportional to (sin# c x <5 12 ) 2 < 10~ n , where 9 C is 
the Cabibbo angle and S12 = (to| — wif )/((m| + ™i)/2) is shown in the right panel of Fig. Ul 

A more important contribution arises from a box diagram with four insertions of the off-diagonal soft masses, 
at order (ml^m 2 ,^) 2 ■ Although this diagram is suppressed by additional small mixings, the momentum running in 
the loop diagram is dominated by lighter third-generation squarks. Constraints on such processes were studied in 
Ref. [60]. Here we may directly compute the dominant gluino- mediated contributions to meson mixing appropriate 
to a U(2)-symmetric hierarchical soft spectrum, which we obtain from Ref. [M] using the techniques of Ref. |60| . 
This gives contributions to meson mixing at the scale of the soft masses; limits are computed by RG evolving these 
contributions to the relevant IR scale as in Ref. [63] . 

We find that the sbottom-mediated FCNC contributions to the real part of K° — K° mixing are an order of 
magnitude below experimental constraints. Similarly, contributions to the imaginary part of K a — K° mixing from 
the SM CKM phase are below experimental limits. However, if there is an 0(1) new CP-violating phase in the 
SUSY-breaking soft parameters, the sbottom-mediated contributions to the imaginary part of K° — K° mixing would 
be an order of magnitude larger than allowed by measurements of ex . In flavor mediation, if the flavor fields S u , Sa 
do not have significant F-term expectation values and the SSM gaugino masses are universal, the only potentially 
relevant new source of CP violation comes from a relative phase between gaugino masses and the B^ parameter. This 
phase does not enter into the leading gluino-mediated contributions to AF = 2 FCNCs, and its contribution to, e.g., 
electric dipole moments may be rendered negligible if B^ = at the scale of SUSY breaking. Both real and imaginary 
contributions to analogous up-type squark processes such as D° — D° mixing are much less tightly constrained and 
have no large irreducible contributions in flavor mediation. 

For the immediate experimental horizon, the most interesting constraints are from 2 O 3 FCNC processes such 
as S-meson mixing, which arise at two insertions of the off-diagonal soft masses and are suppressed only by third- 
generation scalar masses. We find that contributions from B® — B® are of the same order as current limits, and remain 
consistent with experimental limits for reasonable values of rhb and rrig . Representative limits are shown in Fig. [6] 
However, the natural prediction for 2f>3 FCNC processes is within reach of future super-B factories provided mi <~1 
TeV |65j . Similar contributions to the rare decay B — ¥ X s j |66) do not provide significant constraints unless tan/? is 
particularly large. 

Finally, the above discussion assumed a ~ 1. Had we chosen a > 100 the gauged flavor symmetry breaking 
would be driven dominantly by Sd- In this case the down- type quarks and squarks would be flavor- aligned and the 
misalignment would now be between up-type quarks and squarks. This scenario would also be interesting to consider, 
as constraints are generally weaker for up-type rather than down-type flavor violation. 

VI. PREDICTIONS 

The degeneracy of the first-two-generation scalars arises as a non-trivial consequence of the mechanism of Higgsed 
gauge mediation combined with the structure of the SM Yukawas. Hence, this degeneracy is a key prediction of the 
model. This has considerable aesthetic appeal when compared to models that impose the degeneracy by hand. In 
models that invoke additional SU(2) or U(l) symmetries, the degeneracy between the first-two-generation scalars is 
an input rather than an output of the model. In flavor mediation, the custodial U(2) symmetry is tied directly to the 
peculiar structure of the up- type Yukawa matrix with hierarchical entries. 
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FIG. 6: Limits on the soft spectrum from the real contribution to B^ — B^ mixing, as a function of the average sbottom mass 
ihb and the heavy squark mass rha ~ lfli,2. Other FCNC processes such as (the real part of) K° — K° mixing and the rare decay 
B — > X s "/ place no significant constraint on the soft masses. The gray-shaded exclusion contours correspond to nig = 0.7, 1.0, 
and 1.3 TeV from light to dark. The Yukawa textures are given by Eq. (pi with a = 1. 



By requiring that the gauged flavor symmetry is anomaly-free, treats all three flavors equally, and is consistent 
with GUT structures in the UV, we were led to an SU(3)j? flavor symmetry under which all matter multiplets are 
fundamentals. These restrictions lead to a rather predictive structure for the sfermion soft masses. In particular, the 
entire third generation, including leptonic multiplets and the right-handed sbottom, should be energetically accessible 
at the 8 TeV LHC. This is to be contrasted with the most extreme natural SUSY spectrum possible in which the stops 
and left-handed sbottom are the only flavored scalars within LHC reach. In our case, the requirement of anomaly 
cancellation thus leads to the additional prediction of light right-handed sbottom, staus, and a sneutrino. 7 

If SM gauge groups also mediate SUSY breaking, then the degeneracy of third-generation scalars is lifted, and 
the soft masses are dependent on the SM representation. Majorana gaugino masses follow the predictive 1:2:6 
gauge-mediated pattern. Gluinos cannot be much more massive than the left-handed stop and should be close to 
current gluino mass bounds, within immediate LHC reach. As gaugino masses are generated via gauge mediation, 
the winos and bino should be close to the weak scale. As the Higgs multiplets are uncharged under SU(3)f and 
SU(3)<7 they are lighter than the stops. Consequently, all charginos and neutralinos should be close to the weak scale, 
and lighter than the stops and gluinos. To summarize, predictions for the LHC include potential observation of the 
electroweak sector and gauginos of the SSM, along with the entire third-generation of sfermions. 

As in many theories of natural SUSY, contributions to flavor-changing neutral currents are largest among B- 
mesons. While the contributions are consistent with current limits for a wide range of soft masses, they are likely 
to be measurable at future B factories, particularly via contributions to B® — B^ mixing and the decays B — > X s j. 
Moderate new sources of CP violation may also be first apparent in the B meson system while remaining consistent 
with limits coming from lighter mesons. If the sbottom and stop are heavy enough that their direct production rate 
is suppressed, these indirect measurements may provide the first indication of new physics. 

Cosmological considerations are similar to those for standard gauge mediation. One expects the gravitino to be the 
lightest SUSY particle, and the gravitino phenomenology should remain much the same as in standard gauge mediated 
scenarios. For low mediation scales, the gravitino poses no cosmological hazard. For higher mediation scales, the 
thermal abundance of the gravitino may be too large, but all of the standard mechanisms to alleviate this challenge 
in gauge mediation may be employed, such as multiple SUSY breaking |67H69j or gravitino decoupling |70l 171] . 



7 One could also imagine a misalignment between the lepton and quark generations such that selectrons or smuons were light instead of 
the stau, though one would then have to check leptonic FCNCs like /i — > cy. 
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VII. CONCLUSION 

Independent of the motivations from natural SUSY, flavor mediation is a compelling mechanism to link SUSY flavor 
to SM flavor. By gauging the maximum non-Abclian non-anomalous flavor group in the SM (consistent with GUT 
structures in the UV), we achieve a viable SUSY flavor structure that is neither flavor blind nor minimally flavor 
violating. The fact that a custodial U(2) flavor symmetry is present in these models is a non-trivial feature of SU(3)^ 
with large top Yukawa breaking. The fact that such models are consistent with (and perhaps hinted by) LHC data 
highlights the importance of flavor structures for physics beyond the SM. 

A number of open questions and directions for future investigation remain. This framework is quite restrictive, 
with the flavor gauge group and matter superficld representations determined almost entirely by anomaly cancellation, 
flavor universality, and the desire for gauge coupling unification. Hence only a few parameters are added in addition 
to a standard gauge-mediated model, and a full exploration of the parameter space and RG behavior is possible, along 
with consideration of the residual fine-tunings present in the model. 

In this work, we have remained agnostic about the details of leptonic flavor, which is a reasonable assumption if the 
size of spontaneous flavor symmetry breaking in the lepton sector is small compared to the quark sector. Nonetheless, 
it is also possible to construct viable models of flavor mediation with large spontaneous flavor breaking in the lepton 
sector, which may lead to additional novel features in the slepton spectrum related to neutrino mixing angles. We 
have also remained agnostic about the Higgs sector, and it would be interesting to study whether flavor mediation 
might provide a different perspective on the fi and B^ problems. Another area relevant to current LHC SUSY searches 
is the impact of a gauged flavor symmetry on the size and structure of possible i?-parity-violating operators in the 
SSM. 

Looking towards the UV, it is necessary for the flavor symmetry breaking scale to be close to the messenger masses. 
This could be simply a coincidence, or it could be the case that the SUSY-breaking and messenger sectors also 
determine SM flavor structures. With this in mind, it would be interesting to embed all of these features within 
a single dynamical SUSY breaking sector, such as an ISS sector [75]. More ambitiously, it would be intriguing if 
all four gauge groups (or corresponding dual descriptions) could be unified into a single group in the UV. After all, 
even though the gauged flavor symmetry is broken at scales well above the electroweak scale, it is fundamentally no 
different from the other SM gauge groups. 

Finally, it may be possible to generalize features of flavor mediation beyond the specific model detailed here. For 
example, one could cast the physics in terms of correlation functions for Higgsed gauge mediation [73], much as 
was achieved in the "general gauge mediation" program [72]. Such studies would highlight the robustness of flavor 
mediation as a source of SUSY breaking. 
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Appendix A: Three-loop Gaugino Masses 

As discussed in Sec. |IV A] flavor mediation gives a three-loop contribution to SM gaugino masses. In this appendix, 
we calculate this contribution and show why it is too small to yield a realistic natural SUSY spectrum. 

The three-loop SM gaugino mass from flavor mediation can be derived using analytic continuation into superspace. 
A real gauge coupling superficld R(fi) can be defined in terms of the holomorphic gauge coupling S(/i) and the matter 
wave function renormalizations Z r (/it) as [TSJ [75] 

flcG*) = S a (M) + S a (rf - ]T ^%^ logZ r ( M ) + . . . , (Al) 

Qr 

where a denotes the SM gauge group under consideration, the sum runs over SSM representations Q r , and C a (Q r ) 
is the associated Dynkin index. The gaugino mass is then given by 

m\ a = -&Ra{li)\ga. (A2) 
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FIG. 7: Three-loop gaugino masses in comparison to the sfermion masses as a function of 8 = g%V% / M 2 . The sfermions masses 
are the same as in Fig. [3] For the purposes of demonstration, we have fixed as = 0.1 and we have saturated the perturbativity 
bound for the flavor group with aj? = 1. The flavor messengers are chosen in the fundamental, such that CV(3?) = 1/2. Even 
under this extreme choice of parameters, the gauginos are typically much less massive than the third-generation sfermions. 



If there are no messengers charged under the SM, then S(/J,) does not contain a 2 component, and we need only 
calculate the 9 2 component of the two- loop Z r (fi) to extract the three-loop gaugino mass. For an SSM superfield 
charged under the mediating gauged flavor symmetry SU(3)f, we can use the full two-loop effective Kahler potential 
calculated in Ref . [361 177] . Taking appropriate derivatives we have 



Z $i .( M )| 9 2=C F ($) 



F 



(2n) 2 M ^ 



h(6 a )(T^) {ij} , 



(A3) 



where ij are (symmetrized) flavor indices, a^ is the flavor group fine structure constant, and Cf( ( E>) is the Dynkin 
index of the messenger superfields. The suppression factor is 



h(5) 



( (5 -4)5 log 5 -Q(5) 

' {A~5) 2 5 ' 



(A4) 



with fl(5) defined in Eq. |9|. To find the total contribution to gluino soft masses, we must sum over contributions 
from all SSM quark superfields. The superfields Q, U c , D c are all in the same representation of SU(3) F and hence 
contribute in the same way to gluino masses. Summing over these fields we generate an additional factor of 4. We 
must also sum over the individual flavors, which contribute differing amounts. The combined result is 



m~ g = C{q)C F {® 
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The suppression factor h(5 a ) behaves as 



limh(5) = (l-log5), 

S-yO 



lim 

(5— >oc 



h(S) = 



2 log 5 



(A6) 



and hence large logarithms are generated in the limit of small S. These logarithms can be thought of as arising due 
to running effects between the scale of the messenger masses M and the scale at which the flavor symmetry is broken 
My. Whenever 



a F , 
2^ 



(S) > 1, 



(A7) 



this signals a breakdown of perturbation theory and the validity of the two-loop calculation. In this regime, these 
large logs must be resummed appropriately. This is a nontrivial exercise, so here we limit a F and 5 such that these 
terms are small and perturbation theory still holds. 
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Back in Fig. [3j we compared the flavor-mediated squark soft masses to the soft masses that would be generated in 
the limit of unbroken flavor mediation. We now compare the three-loop gaugino masses to the same parameter, in 
order to ascertain whether these three-loop contributions could be great enough to generate an acceptable gaugino 
spectrum. The ratio of squared masses is 

mf _ C{ q yC F {3>) a|q| / \ 2 

*§- — cm ^ (2^1^ XW«J ■ (A8) 

Once the flavor breaking parameters S a have been chosen in order to generate a particular squark soft mass hierarchy, 
the relative soft masses of the gauginos can only be adjusted by varying <xf and the matter representations. In Fig. [7] 
we show the relative scales of the three-loop gluino masses in comparison to the sfermion masses, choosing the most 
optimistic value ap = 1. 

Even by maximizing the three-loop contributions from flavor mediation, it would be difficult to achieve the desired 
gluino and stop masses for a natural SUSY spectrum using flavor mediation alone. One could choose larger represen- 
tations of flavor messengers to raise the relative gaugino masses, however it is clear that the three-loop contributions 
to gaugino masses alone are generally not sufficient to allow for a natural SUSY spectrum with mj < 400 GeV and 



m,g > 600 GeV. In Sec. IV A we therefore introduced an additional contribution from SM messengers. Of course, an 
alternative strategy would be to introduce messengers charged under both SU(3)p and the SM gauge group. 
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